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Porous Zr0O,:8 mol% Y,0O5 sintered ceramics were prepared by adding graphite powder
as pore former before sintering. The thermal elimination of graphite was evaluated by
thermogravimetric analysis. Impedance spectroscopy analysis was carried out in the 5 Hz
to 13 MHz frequency range in specimens sintered with and without pore former. The
deconvolution of the impedance diagrams, [Z"(®) X Z'(®w)] and [Z"(®w) x log f], and the
numerical residuals resulting from the subtraction of normalized impedance spectroscopy
diagrams measured in specimens with and without pore formers were evaluated. A
comparison of the impedance diagrams of samples sintered with and without pore former
shows evidence of a modification of the electrical response caused by pores. The results
show the unequivocal ability of the impedance spectroscopy technique to gauge
microstructural modification caused by the presence of pores in ionic conducting solids.

I. INTRODUCTION

Z105:8 mol% Y,03 polycrystalline ceramics are one of
the most important electroceramic materials mainly be-
cause of their electrical properties above room tem-
perature. They are largely used in commercial devices
such as lambda oxygen sensors (for measuring the partial
pressure of oxygen in gas exhaust and to optimize the air—
fuel ratio in combustion engine vehicles for less fuel con-
sumption and for pollution depletion) and in solid oxide
fuel cells (as dense oxide ion conductor solid electrolyte,
as porous cermet anode with Ni, and as porous composite
cathode with lanthanum strontium manganite).

Sintered polycrystalline ceramic materials consist basi-
cally of grains and interfaces, the latter being mainly com-
posed of grain boundaries, segregated impurities, and
pores. In oxide ions conducting solid electrolytes, the
interfaces contribute to the reduction of the total electrical
conductivity of a system by blocking charge carriers, ox-
ide ion vacancies, at these intergranular regions. The grain
boundaries in oxide ion conductors, which consist of one
grain-boundary core and two adjacent space charge layers,
are blockers to O®~ charge carriers because of oxygen
vacancy depletion in the space charge layer, and the block-
ing intensity decreases as the temperature increases.' ™
Pores are supposed to block the ionic transport across the
grain boundaries by decreasing the conduction path width
and constricting current lines, similar to the effect of
impurities at grain boundaries.’
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The impedance spectroscopy technique consists of ap-
plying to the electrode/specimen/electrode cell a low-
amplitude alternating voltage V = V, ¢, where o is the
pulsation and V, the voltage signal amplitude. The cur-
rent output is / = I, ¢/ @+®) "Where ¢ is the phase angle of
the current versus voltage and /, is the current signal
amplitude. The impedance is Z(w) = V/I = Z; e =7
(w) + j Z"(w), where Z' and Z" are the real and the
imaginary components and Z, = Vo/lp = | Z(®) |. Usually
—Z" is plotted as a function of Z', the plot being com-
posed of one or more semicircles, either superposed or
not, which may be assigned to different contributions to
the electrical resistivity due to the bulk (grains) and to
interfaces (mainly grain boundaries) of the polycrystal-
line ceramics.®® This technique has been used exten-
sively to separate bulk and interfacial contributions
(e.g., grain boundary) and electrode effects from the
overall response of solid electrolytes to an applied ac
electrical signal.” Depending on the temperature and on
the frequency range used in the impedance spectroscopy
experiment, the impedance spectroscopy diagram [—Z"
(m) X Z'(w)] in the complex plane usually presents two
visually separated semicircles,®™® each represented by an
equivalent circuit composed of a resistor in parallel with
a constant phase element (CPE) when the center of these
semicircles lies below the Z' axis.'> The impedance
of a CPE is given by Zcpg = O '(jo) % 0 < a < 1.7
The high-frequency semicircle is usually attributed to
the electrical response of the bulk of the polycrystal-
line specimen, whereas the low-frequency semicircle
is assumed to represent the electrical properties of the
highly resistive grain boundaries. Then the impedance
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spectroscopy technique allows, at least to a first approxi-
mation, the separation of impedance contributions from
grain interior (bulk) and grain boundaries.® %'+

Polycrystalline ceramics may be prepared either
porosity-free or with a controlled degree of porosity dep-
ending on the application. Porous ceramics are widely
used in a series of devices such as filtration membranes
and electrodes in solid oxide fuel cells. Similar to poros-
ity-free ceramics, those with a controlled volume of
pores must also be dense, with high skeletal density, for
supporting mechanical loads under service. Porous ceram-
ics are prepared by several processing techniques in-
cluding chemical synthesis, e.g., sol-gel, sacrificial
organic pore formers,'®'® polymeric foam templates,
etc., each with their advantages. The porosity evaluation
of ceramics is usually done with experiments in a mer-
cury intrusion porosimeter or by observation of polished
and etched surfaces by electron microscopy (scanning
and/or transmission). Porous ceramics behave electrical-
ly in a different manner compared with porosity-free
ceramics. The pores may be considered volume defects
that somehow impede the transport of charge, acting as
blockers.'® The current lines resulting from the external
applied electric field may follow detours around the
pores, giving rise to a modification in the low-frequency
region of the impedance diagrams of solid electrolytes.
In other words, the mean free path of the charge carriers
across the specimen submitted to an applied electric
field is larger in a porous region of the specimen than in
a dense region. This behavior, namely the modification in
the impedance diagram in the low-frequency region, has
already been reported for cracks in zirconia solid elec-
trolytes,'® for insulating monoclinic phase in partially
stabilized zirconia—magnesia solid electrolytes,”” for insu-
lating regions in (zirconia—yttria) + yttria composites,21
for the deviation of the idealized brick layer model,”'?
and for nonhomogeneous lithium conductive ceramics.*?
In this work, we take advantage of the possibility of
separating the contributions to the electrical conductivity
of solid electrolytes due to bulk and interfaces to the study
of pores in zirconia—yttria solid electrolytes, taking into
account that intergranular pores may modify the inter-
granular electrical response. The main results indicate that
a detailed numerical analysis of impedance spectroscopy
data allows for evaluating the contribution of pores to
the alternating current (AC) electrical response of solid
electrolytes.

Il. EXPERIMENTAL

Commercially available nanometric powders of zirco-
nia stabilized with 8 mol% yttria (Tosoh TZ-8Y, Tosoh
Corporation, Tokyo, Japan) was used. The powders were
dried, weighed, and pressed to 10 mm diameter to 2 mm
thickness pellets at 90 MPa. Pores were introduced to

the specimens by adding 1 wt% graphite powder with
>99.9% carbon and 9.9 m?/g specific surface area from
Nacional de Grafite Ltda., Brazil, before mixing and
pressing for sintering in air at 1500 °C for 2 h, with an
additional presintering step performed at 600 °C for 1 h
for elimination of the graphite. The heating rate was
2 °C/min to facilitate the reaction of the graphite with
air to release carbon dioxide. Some sintered pellets were
broken up in small fragments to allow for mercury intru-
sion under increasing pressure during the evaluation of
the distribution of pore sizes in a mercury porosimeter
Autopore from Micromeritics (Norcross, GA).

Fracture surfaces of TZ-8Y sintered with and without
graphite were observed in a Quanta Inspect F FEI (Hills-
boro, OR) scanning electron microscope.

Thermogravimetric experiments were performed in
the Zr0O,:8 mol% Y,03 + 1.0 wt% C in a Setaram
(Caluire, France) thermal analyzer to follow the graphite
elimination.

Impedance spectroscopy measurements were carried
out at 400 °C in sintered cylindrical pellets with a 1492
LF Hewlett Packard (Tokyo, Japan) impedance analyzer
in the 5 Hz to 13 MHz frequency range with an input
signal of 200 mV for improved signal-to-noise ratio.
Data with measurements applying 50 and 100 mV gave
the same impedance diagrams showing that all measure-
ments were in the linear ohmic region. The samples had
their parallel surfaces coated with silver paste and cured
at 200 °C/5 min for removal of the organic binder. The
samples, three similar compositions at a time, were
inserted in an Inconel 600 sample chamber with alumina
insulators and platinum leads, and a type K thermocou-
ple with its tip close to the samples. The sample chamber
was positioned inside a Lindberg-Blue M (Watertown,
WI) furnace with temperature control within +0.5 °C at
the samples location. The [—Z"(w) X Z'(®)] data were
collected and analyzed with special software® using a
series 362 HP Controller running on a HP Basics opera-
tional system. This software allows for the deconvolu-
tion of multisemicircle impedance diagrams either by
regression analysis of the fitted data or by the sequence
(i) plotting one semicircle, (ii) subtracting from the
whole diagram, and (iii) plotting the remaining diagram.
For plotting, the data had to be converted to text data
with a HP LiF software. Before coating with silver paste,
the flat surface of the specimens was analyzed by x-ray
diffraction in a D8 Advance diffractometer (Bruker-AXS,
Karlsruhe, Germany), 6-20 Bragg—Brentano configura-
tion, with Cu Ko radiation with 40 kV to 40 mA, 20° to
80° 20 range, 0.05° step size, 5 s counting time per step.

lll. RESULTS AND DISCUSSION

Figure 1 shows the variation of the weight of the
mixture of ZrO,:8 mol% Y,O; with 1 wt% graphite
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FIG. 1. Thermogravimetric curve of ZrO,:8 mol% Y,0; + 1 wt% C;
heating rate 10 °C/min; atmosphere: air.
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FIG. 2. Pore-size distribution in ZrO,:8 mol% Y,Oj3 sintered with
1 wt% graphite.

upon heating at 10 °C/min in air from room temperature
to 1100 °C. The weight loss starts at approximately
600 °C and ends at approximately 890 °C, corresponding
to the graphite elimination.

The pressed pellets of the ZrO,:8 mol% Y,0O5; + 1
wt% C mixture sintered at 1500 °C/2 h were analyzed
by mercury porosimetry. The results are shown in Fig. 2.
These results are an average of measurements in several
fracture pieces of the pellets. Pore size values are dis-
tributed in the 0.06—-0.003 pum range, centered at approxi-
mately 0.01 um. The value of the density is 6.17 g-cm >,
which corresponds to 93.3% of the theoretical density.
The sintered specimen with 5.7% pore volume has high
skeletal density.

The flat surface of ZrO,:8 mol% Y,0s; with 1%
graphite sintered pellets were also analyzed by x-ray
diffraction. The results show that the porous sintered
pellet is single phase with fluorite cubic phase, accord-
ing to the JCPDS file No. 81-1551.
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FIG. 3. Impedance diagram of ZrO,:8 mol% Y,Oj; sintered ceramic,
measured at 400 °C. Numbers stand for the logarithm of frequency of
the applied signal. Bottom: electrical equivalent circuit.

The impedance spectroscopy measurements of the
71r0,:8 mol% Y,0;5 pellets sintered without and with
1% graphite were carried out in the 300 to 500 °C
range, which is part of the oxide ion conductivity do-
main. Figure 3 shows the [—Z"(®) x Z'(w)] impedance
spectroscopy diagram measured at 400 °C in the 5 Hz
to 13 MHz frequency range of a ZrO,:8 mol% Y,0;
pellet sintered at 1500 °C/2 h. The deconvolution of
the impedance diagram shows that it is composed by
two well-defined semicircles, extensively reported in
the literature: a high-frequency (HF) semicircle from
the intragranular or bulk component of the impedance
and a low-frequency (LF) semicircle from the inter-
granular or grain boundary component of the imped-
ance.>® The impedance spectroscopy diagram may be
modeled by a resistor in parallel with a constant phase
element (Ryr || Qur), representing the bulk response, in
series with another resistor in parallel with a capacitor
(Rir || OvLp), representing the grain boundaries re-
sponse. Figure 3 also depicts the electrical equivalent
circuit.

Figure 4 shows the impedance diagram of ZrO,:8 mol%
Y,03 + 1% graphite pellets sintered at 1500 °C/2 h.
Pores have been formed with the distribution shown in
Fig. 2. The impedance diagram is similar to that of the
7Zr0,:8 mol% Y,0O; sintered without pore former, but
presents a distortion in the 10* to 5 x 10° Hz intermedi-
ate frequency range. Moreover, the deconvolution
program shows that besides the high-frequency and
low-frequency semicircles, another semicircle may be
resolved at an intermediate-frequency (IF) range. The only
difference between both specimens is the presence of
pores in the specimen sintered with addition of graph-
ite before pressing and sintering. The IF semicircle is
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FIG. 4. Impedance diagram of ZrO,:8 mol% Y,03 + 1 wt% C sin-
tered ceramic at 400 °C. Numbers stand for the logarithm of frequen-
cy of the applied signal. Bottom: electrical equivalent circuit.

then ascribed to pores, which may be acting as blockers to
oxygen vacancies. The modeling using electrical equiva-
lent circuit, in this case, is represented by an additional
resistor in parallel with a constant phase element (Rig ||
O1r), now representing the pores. Figure 4 shows also this
electrical equivalent circuit.

Some data could be extracted from Figs. 3 and 4.
After the deconvolution of the impedance diagram, the
capacitances of all components are estimated: C(HF) =
13.4 pF/cm, C(F) = 0.8 nF/cm, and C(LF) = 178 nF/cm.
The LF capacitance is approximately 10* times the HF
capacitance as expected for grain-boundary capacitance
(LF) relative to the bulk capacitance (HF). In other
words, the average grain size is approximately 10* times
larger than the average intergranular distance. The IF
capacitance, assigned to the pore contribution, is approx-
imately 60 times the HF capacitance. In other words, the
average grain size is approximately 60 times larger than
the average pore size. Or the average pore size is two
orders of magnitude larger than the average intergranular
distance.

Additional evidence that the deconvolution of the im-
pedance diagram enables us to show an electrical re-
sponse because of the presence of pores is discussed,
plotting the Bode reactance diagram of both specimens,
sintered with and without pore former. Figure 5 shows
the Bode reactance diagram, [Z’(w) x log f] of the
7r0,:8 mol% Y,0; solid electrolyte. Data, collected at
400 °C, shows unequivocally the presence of two relax-
ation processes, corresponding to the LF and HF
responses, which are shown in the figure after the decon-
volution of the overall diagram. The inset shows the
adequacy of the fitting: the mean deviation between the
experimental data and the sum of the fitted data is less
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FIG. 5. Bode reactance diagram of ZrO,:8 mol% Y,Oj; sintered ce-
ramic at 400 °C with the deconvolution into the two bottom curves.
Inset: percentage variation of the difference between the sum of the
deconvoluted curves and the experimental result.

FIG. 6. Bode reactance diagram of ZrO,:8 mol% Y,03 + 1 wt% C
sintered ceramic at 400 °C with the deconvolution into the two bottom
curves. Inset: percentage variation of the difference between the sum
of the deconvoluted curves and the experimental result.

than 1%, except at the extremities of the data (extreme
high and extreme low frequencies) where the experimen-
tal data are prone to larger errors, but do not exceed 1%.
The high-frequency deviation is caused by the contribu-
tion of an inductance caused by the 1 m coaxial cable,
known to occur at high-frequency/low-resistance values
in the impedance analyzers. The low-frequency devia-
tion is caused by the electrode contribution to the imped-
ance diagram.

The same procedure was followed for the analysis of
the Bode reactance diagram of the ZrO,:8 mol% Y,0;
solid electrolyte sintered with pore former. The results
are shown in Fig. 6.

Figure 6 shows clearly that the Bode reactance diagram
of the ZrO,:8 mol% Y,0j; sintered with pore former may
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also be resolved into three components, related to the HF,
IF, and LF semicircles depicted in Fig. 4. The best fit is
found for using the three components, and the inset shows
that the mean deviation between experimental and calcu-
lated data is below 1%. The deviations in the low-frequen-
cy and high-frequency ends of the diagram result from the
same causes as stated previously.

IV. CONCLUSIONS

The impedance spectroscopy technique was successful-
ly used to study the porous zirconia—yttria solid electro-
Iytes. It has been shown that pores give rise to an
additional electrical response in the impedance diagrams,
corresponding to a relaxation process probably associated
to pores acting as blockers to charge carriers (0%~ ions).
This response could be easily evaluated by determining
the mean square deviation of the difference, on a frequen-
cy basis, between the impedance diagrams measured in
specimens sintered with and without pore former. The
impedance spectroscopy technique has been shown to be
an important tool in the study of porous ceramic materials
conditioned to their electrical behavior. In the sequence,
the impedance spectroscopy technique will be used to
study porous Zr0,:8 mol% Y,03-NiO composites before
and after reduction of NiO under hydrogen, a material
used as an anode in solid oxide fuel cells.
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